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A PENDULOUS A N G U  SENSOR 

By John Dimeff and Albert G. Oswald 
Ames Research Center 

SUMMARY 

An improved model of a very sens i t ive  gravity-actuated angle sensor i s  
described. The instrument u t i l i z e s  a potentiometer whose wiper posi t ion rela-  
t i v e  t o  a pendulum-suspended res i s tance  element i s  proportional t o  the  angle. 
A precis ion of f0.02° f o r  a 60° range i s  achieved because t h e  capaci t ively 
coupled wiper does not contact t h e  resistance element and, hence, cannot in t ro-  
duce f r i c t i o n .  An in t e rna l  preamglifier i s  employed t o  reduce e r ro r s  caused by 
cable capacitance, and a servo un i t  f a c i l i t a t e s  readout. 

INTRODUCTION 

A previous report  described an angle-of-attack transducer designed f o r  use 
inside sting-supported wind-tunnel models. Recent mechanical improvements and 
t h e  incorporation of a preamplifier i n  the  sensor make t h e  instrument somewhat 
more rugged and much l e s s  sens i t ive  t o  extraneous capacitance couplings intro-  
duced i n  some wind-tunnel i n s t a l l a t i o n s .  The improved transducer i s  described 
i n  t h i s  repor t .  

The superior  performance of t h e  earlier instrument ( r e f .  1) i s  made possi- 
b l e  by t h e  use of a f r i c t i o n l e s s  llcontact" which provides a capaci t ive coupling 
t o  a pendulous res i s tance  element. 
out and, a t  t he  same t i m e ,  r ead jus ts  t h e  grounding point of t h e  c i r c u i t  so  as 
t o  maintain the  capaci t ive contactor a t  zero po ten t i a l  r e l a t i v e  t o  the  cable 
sh i e ld  and instrument housing, independent of t he  pos i t ion  of t he  wiper contact 
r e l a t i v e  t o  t h e  pendulous resis tance element. 
angle transducer system. The instrument has the  following very desirable  char- 
a c t e r i s t i c s  : 

An AC servo-balanced bridge provides read- 

Figure 1 i s  a diagram of t h e  

1. It i s  s m a l l  because the  reduced f r i c t i o n a l  torque makes possible a 
shor t  pendulum a r m  and a low pendulum mass. 

2.  It i s  extremely l i n e a r  because the  capaci t ively coupled wiper i s  
designed t o  average the  po ten t i a l  of several  tu rns  of t h e  resis tance wire on 
t h e  pendulous potentiometer, thereby minimizing nonl inear i t ies  resu l t ing  from 
turn-to-turn winding i r r egu la r i t i e s .  

3 .  It i s  in sens i t i ve  t o  temperature e f f ec t s  s ince both elements of t he  
pendulous potentiometer a r e  s imi la r ly  affected.  



Properly i n s t a l l e d ,  t h e  old instrument provided each of these  advantages 
without any ser ious problems. Frequently, however, i n  a wind-tunnel i n s t a l l a -  
t i o n ,  it w a s  necessary t o  cu t  t h e  shielded cables (used fo r  i s o l a t i n g  t h e  
bridge exc i ta t ion  leads from t h e  sensing lead)  and pass them unshielded through 
a bulkhead. The inherently high impedance of t he  contactor made t h e  o ld  sensor 
sens i t ive  t o  t h e  capaci t ive coupling from the  poorly shielded bridge exc i ta t ion  
leads t o  t he  sensing wiper lead  and caused e r ro r  cur ren ts  comparable t o  those 
induced by the  pos i t ion  e r r o r  voltage ( s igna l )  through the  2x10-= fa rad  wiper. 
A s  a r e su l t  of t he  reduced output impedance provided by a preamplif ier ,  which 
w a s  added i n t e r n a l  t o  t he  recent ly  revised sensor, these  e f f e c t s  a r e  essen- 
t i a l l y  eliminated. 

DESCRIPTION 

The angle sensing element of t h e  instrument i s  a pendulum ( f i g .  2)  con- 
s i s t i n g  of a sec tor  of a wheel with a f l a t  c o i l  of res i s tance  wire mounted on 
t h e  r i m .  T h i s  c o i l  i s  formed by 1000 tu rns  of 0.001-inch-diameter enamel- 
coated wire wrapped around a form 0.01 inch th i ck ,  by 0.18 inch wide, by 1.23 
inches long. This c o i l  i s  bent t o  a 0.72-inch radius and cemented t o  t h e  r i m  
of t h e  80' circular-arc  segment of t h e  pendulum, s o  as t o  be accurately con- 
cen t r i c  w i t h  t h e  pivot  a x i s .  

Gravity causes t h e  pendulum t o  r o t a t e  about t he  pivot  axis es tab l i shed  by 
hardened s t e e l  pivot  bearings with spher ica l  t i p s  of 0.0012-inch radius .  
These pivots a r e  f i t t e d  i n t o  sockets or  mating depressions made by punching 
similar p ivots  i n t o  t h e  polished hardened s t e e l  surfaces  of t h e  two pivot-shaft 
end supports. One of these  sockets i s  mounted r i g i d l y  i n  the  frame of t he  
instrument, while t he  other  i s  mounted i n  a p l a t e  which can be moved t o  ad jus t  
t h e  pivot-bearing clearance. 

The pendulum is mounted i n  t h e  support frame, as shown i n  f igu re  3,  so  
t h a t  the res i s tance  c o i l  i s  spaced within 0.003 inch of t h e  capacitance con- 
t a c t o r  which i s  mounted r i g i d l y  t o  t h e  lower c e n t r a l  por t ion  of t h e  frame. 
The contactor i s  0.190 inch long and 0.025 inch wide, and i s  shielded so  t h a t  
t he re  can be e s s e n t i a l l y  no capaci t ive coupling t o  t h e  two hairsprings located 
on opposite s ides  of t he  pendulum concentric with t h e  pivot  s h a f t .  The hair-  
springs a r e  used t o  t ransmit  t h e  AC exc i t a t ion  t o  t h e  pendulous res i s tance  
element. 

The pendulum and i t s  supporting frame a r e  f i t t e d  within t h e  case as shorn 
i n  figure 4. The case i s  f i l l e d  under vacuum with a s i l i cone  f l u i d  of appro- 
p r i a t e  v i scos i ty  f o r  damping. The cover t o  t h e  case i s  equipped with rubber- 
diaphragm-sealed expansion chambers of s u f f i c i e n t  volume t o  allow f o r  t h e  
contraction and expansion of t h e  damping f l u i d  when t h e  environmental tempera- 
t u r e  varies between the  l i m i t s  of 20° and 200° Fahrenheit. The cover with 
expansion diaphragms and r e t a in ing  plugs is  shown i n  f i g u r e  5 .  
exploded view of t h e  angle sensor p a r t s  i s  shown i n  f igu re  6.  
angle Sensor ( f i g .  7) is  1-7/8 inches long, by 1-3/32 inches high, by 5/8 inch 
wide, and weighs 4.1 ounces. 

A composite 
The assembled 
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Mechanical differences between the  old and new angle sensors a r e  s l i g h t  
and pe r t a in  mainly t o  t h e  manner of allowing f o r  expansion of t he  damping 
f l u i d .  The s ign i f i can t  improvement i n  performance obtained with the  new 
instrument was the r e s u l t  of modifications t o  the  e lec t ronics .  Sens i t i v i ty  t o  
the  capacit ive coupling introduced by poor i n s t a l l a t i o n  prac t ices  was s ign i f i -  
can t ly  reduced by placing a miniature low output impedance preamplifier within 
t h e  sensor. 
megohms, shunted by a capacitance of 10 picofarads) and an adequately low out- 
put impedance (8 ohms) i s  shown schematically i n  f igure  8. 
constructed of miniature components and packaged as shown i n  f igure  9 .  
preamplifier un i t  was mounted next t o  t h e  connector i n  a cavi ty  i n  the  rear  of 
t he  angle sensor as shown i n  f igure  10. 

A c i r c u i t  which provides an adequately high input impedance (150 

This c i r c u i t  was 
The 

Vibration-induced motion of the  preamplifier within the  sensor causes 
small var ia t ions  i n  input voltage due t o  the charge ex i s t ing  on the  input c i r -  
cu i t ry  and the  capaci t ive modulation induced by t h e  vibrat ion.  To avoid mbi -  
guity i n  the  output readings, t he  output f rom the  preamplifier is  f i l t e r e d  by 
an ac t ive  band-pass f i l t e r ,  centered around the  AC c a r r i e r  frequency. 
c a r r i e r  power, amplification, servo control  of t he  applied power, and indica- 
t i o n  of t h e  sensed angle a re  provided by a s l igh t  modification of  a standard 
servo un i t  designed a t  Ames Research Center.' The only modifications required 
involve removing the  input c i r c u i t r y  and the  400 cps chopper, t h a t  were needed 
when t h e  servo was used with resis tance s t r a i n  gages, and adding a preamplifier 
power supply. 

The 

RESULTS 

Performance of t he  angle transducer system i s  indicated by the  e r ro r  
curve shown i n  f igure  11. 
an o p t i c a l  dividing head having a precis ion of f0.0006°. 
adjusted t o  provide fu l l - sca le  pos i t ive  indication f o r  a 30' ro t a t ion  of t he  
sensor. 
decreasing ca l ib ra t ion  cycle,  were subtracted from the  corresponding angular 
readings indicated by t h e  servo un i t ,  g i v i n g t h e  e r ro r  data p lo t t ed  i n  f ig-  
ure 11. The e r ro r s  include a l l  e l e c t r i c a l  errors  and a l l  mechanical e r ro r s  
associated with the  system. 
e r r o r  couplings i n  t h e  preamplifier,  e l e c t r i c a l  e r ro r s  i n  t h e  servo, non- 
l i n e a r i t y  and hys te res i s  i n  the  servo-balance potentiometer with i t s  gear drive,  
e t c  . 
i t y  spec i f ied  by the  manufacturer of t h e  servo-balance potentiometer i s  kO.05 
percent,  which i s  equivalent t o  k0 .03O. )  

Input angles were applied by ro t a t ing  the  sensor on 
The servo readout was 

The angle s e t t i n g s  of the  dividing head, during an increasing and 

These include sensor nonl inear i ty  and hysteresis ,  

The over-al l  system e r r o r  was found t o  be l e s s  than k0.02'. (The l inear -  

Ci rcu i t  s e n s i t i v i t y  t o  s t r a y  capacitance is  primarily re la ted  t o  capaci- 
t i v e  loading and coupling i n  the  output cabling of t he  transducer, and depends 
on t h e  pos i t i on  of t he  capacitance contactor r e l a t i v e  t o  the  ends of t he  pendu- 
lous r e s i s t o r .  Tests have shown t h a t  capacitors a s  la rge  a s  0.01 pf introduced 
between any p a i r  of transducer leads (e.g. ,  preamplifier output,  preamplifier 

%nufactured by Metrotech Inc . , Mountain View, Cal i f .  (Model 7100 ATS) . 
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power, bridge exc i ta t ion ,  o r  ground) produce e r rors  l e s s  than 0.1 percent i n  
the  output. 

’ 

Capacitors smaller than 0.003 pf produce no measurable e r ro r .  

CONCLUSIONS 

The highly l i n e a r  cha rac t e r i s t i c  of t he  capaci t ively coupled potentiom- 
e t e r ,  together with the  newly obtained freedom from s e n s i t i v i t y  t o  unwanted 
s t r a y  capacitances i n  t h e  system i n s t a l l a t i o n ,  gives it a highly desirable  com- 
binat ion o f  features:  s m a l l  s i z e ,  high precision, and freedom from wear of t he  
c r i t i c a l  sensing element. These unique cha rac t e r i s t i c s  make the  appl icat ion 
of the  device t o  other  measurement problems an in t r igu ing  poss ib i l i t y .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Feb. 7, 1966 

1. Dimeff, John; and Fryer, Thomas B. :  Capacitance Pickup Measures Small 
Forces. Electronics ,  vol.  30, no. 2, Feb. 1937, pp. 143-145. 
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Figure 5.- Cover with expansion diaphrams. A-35564-12 
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